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CEAFIER  1 


IHTRODUOTIOH 

AtoDio  and  molecular  collieiona  maj  be  eateBorl* 
according  to  the  Btatea  of  the  partiolee  surTiving  the 
colllaion.  If  the  particlea  are  In  etatea  identical  to 
those  previous  to  the  colllaloa,  then  the  event  ia  said 


3 Blast 


, if  t 


colliei 


transfer  of  either  mass  or  internal  energy  it  is 
inelastic. 

Oheoieal  reactions  are  a direct  result  of 
collisions,  hence  collisions  of  this  type  are  of 
mental  interest  to  the  chemist.  It  la  tbs  iateri 
molecular  forces  occurring  during  such  an  inelastic  event 
vhlch  determines  the  outcome  of  a reaction.  In  the  past, 
the  majority  of  our  information  regarding  latermoleeular 
forces  vas  obtained  from  built  experiments.  Subsequently, 
hypotheses  were  advanced  to  explain  the  microscopic  para- 
meters  which  could  successfully  describe  the  macroscopic 
phenomena  observed.  These  hypotheses  attempted  to 
correlate  viscosity,  compressibility,  osmotic  pressure, 
phase  changes  and  thermal  properties  with  the  nature  of 
microscopic  events  which  could  produce  them.  In  order  t 
1 


of 


demanded  far-sighted 


jlsld  useful  results,  such  experiments 
extrapolations  and  often  complex  theories.  However,  the 
recent  development  of  scattering  technlijues  has  furnished 
a method  to  observe  directly  the  microscopic  processes  in 
question.  Scattering  experiments  enable  the  observer  to 
investigate  the  lifetimes,  concentrations  end  identities 
of  reaction  intermediates  impossible  to  study  otherwise. 

One  of  the  foremost  of  the  new  techniques  involves 
the  use  of  one  or  more  molecular  beams.  Beams  have  been 
used  extensively  for  the  study  of  elastic  as  well  ae  in- 
elastic collisions. Ihe  earliest  reported  beam 
experiments  are  those  of  Bunoyer^^^  who,  in  1911,  found 
that  beams  of  sodium  atoms  allowed  to  effuse  into  a vacuum 
followed  straight-line  trajectories. 

Significant  improvements  were  introduced  by  stem^^’*^ 
and  subsequent  workers.  More  recently,  Amdur  has  reported 
the  production  of  high  velocity  atomic  and  molecular  beams^^^ 
and  the  use  of  such  beams  in  the  investigation  of  inter- 
molecular  forces. The  first  beam  experiments  involving 
a chemical  reaction  were  those  by  Taylor  and  Bats.^'^^  The 
first  reliable  measurements  of  the  elastic  scattering  cross 
sections  for  ions  soattared  by  neutral  molecules  are  due  to 
Ramaauer  and  Kollath^®^  in  1933.  Mora  precise  determina- 
tions originated  with  Bussell,  Fontana  and  Simona^^^  in 
their  study  of  total  (elastio  plus  inelastic)  scattering 


SinonB  and  yielded  separate  cross 

sections  for  elastic  and  Inelastic  processes.  Donnally 
Bt  describe  the  deteroination  of  charge  transfer 

cress  seetlene  for  H*  In  Os  vapar.  In  these  oolllaioae 
oetastable  hydrogen  atoms  are  formed.  She  cross  sections 
reported  are  about  hO  for  protons  with  energies  between 
0.2  and  3 Kev. 

In  1928  Hogness  and  HarlmeBB^^®^  pointed  out  ion- 
molecule  reactions  such  as 

X'^  ♦ Ig  — — XY*  4.  I Cl.l] 

as  possible  sources  of  error  in  mass  spectrometry.  The 
annoying  appearance  of  secondary  ions  ao  formed  was  further 
reported  by  Smyth. SteTeneoa  and  Sehissler^^®^  and 
Field,  Franklin  and  Lanpe^^^^  have,  more  recently,  investi- 
gated these  ion-molecular  reeetione  and  reported  that  they 
generally  rsauire  little  or  no  activation  energy  and  pro- 
ceed with  extremely  large  rate  constants.  Olese  and 
Haier^^®^  have  extended  the  study  of  lon-nolecule  reactions 
to  determine  their  dependence  on  the  energy  of  the  bombarding 
ion,  and  Lindholm^^^^  haa  investigated  reaetlona  of  the  type 

X*  4 Ij  — — Y 4 r*  4 X [1.2] 

Sxteneive  mass  spectrometrlc  studies  of  ioulzatlon 
phenomena  reaulting  from  electron  impact  have  been  conducted, 


and  nunerous  experiments  using  photon  honhardnent  have  been 
reported.  However,  another  source  of  ionizing  energ?  has 
onl7  recentl7  cose  under  investigation.  This  source  ia  the 
excitation  energy  of  excited  atoms  and  molecules,  e.g. 

A-  ♦ B-i-A  t B’  4.  e . CI.J] 

It  ie  the  aim  of  the  work  described  here  to  investigate  the 
effect  of  isotopic  substitution  in  the  molecule  B upon  the 
cross  sections  for  such  prooessee.  A aumoary  of  our  know- 
ledge of  collisions  of  this  general  type  ie  given  in  the 


CHAPTEB  II 


HISTOSI  0?  IHELASTIO  PROCESSES  IlfVOLVIHS  MBTASTABLS  SPECIES 

Excited  atoms  or  molecules  wltb  lifetimes  longer  tban 
one  microsecond  are  usuall/  considered  metsstsdls,  vith  tbe 
transition  to  the  ground  state  hp  the  emission  of  electric 
dipole  radiation  being  forbidden  by  one  or  more  of  the 
selection  rules  governing  such  decay.  These  rules  are: 

(a)  iJ  - 0,  1 1 J - 0-^J  • 0 

(b)  dS  . 0 

(e)  dl  . 1 1 

with 

J ■ vector  sum  of  Ii  and  S 
L ■ orbital  angular  momentum 
S ■ spin  angular  momentum 

1 • angular  momentum  of  electron  mahing  the 

Helium  has  two  metastable  states  which  lie  below  its 
ionisation  potential,  namely,  the  2^Sq  state  at  20.61  ev. 
and  the  2^S^  at  19.82  ev.  above  the  ground  state.  Decay 
of  the  2^S  ia  forbidden  by  rules  (a)  and  (o),  and  of  the 
2^B  by  (b)  and  (c).  Heon  poesesses  two  metastable  states, 
and  ^Pq  at  16.62  ev.  and  16.71  ev.  while  argon  simi- 
larly has  two,  ^Pg  and  ^Pq  with  energies  of  11.55  ev.  and 
11.72  ev.,  respectively, ^ 


These  metastsble  helium  species  have  lifetimes  of 
the  order  of  tenths  of  a second  compared  with  the  order  of 
10“®  seconds  for  normal  excited  states  with  allowed  decs? 
transitions.  Their  loss  ms7  result  from  double  photon 
emission  and  b?  magnetic  dipole  radiation;  however,  these 
prooesses  are  genersll?  less  than  10'^  tinea  as  frequent 
as  electric  dipole  transitions, 

Hetastable  atoms  have  been  produced  b;  electron 
bombardment,  as  used  in  this  work,  and  from  gaseous  dis- 
charges, When  electron  bombardment  is  used,  tbe  excitation 
ma?  take  place  just  before  the  first  besm  defining  slit,  or 
with  some  loss  of  collimation  just  past  the  first  or  a 
later  defining  slit.  When  a gaasous  discharge  serves  as 
the  source  of  exoitetlon  energy,  the  dlecbarge  is  made  to 
take  plaoe  in  the  high  pressure  region  Just  before  tbe 
first  defining  slit  In  the  oollimation  system. 

In  the  determination  of  cross  sections  involving 
these  excited  atome,  frequent  use  is  made  of  tbe  fact  that 
if  the  beam  of  metaatable  particlea  is  allowed  to  strike  a 
metal  surface  whose  work  function  is  lower  than  the  excita- 
tion energy  of  the  incident  particlea  the  energy  of  exci- 
tation results  in  the  ejection  of  electrons  from  the 
metal. The  resultant  current  to  the  metal  surface  may 
be  measured  with  an  electrometer  to  determine  the  beam  flux. 
Lichten^^**^  has  reported  tbe  use  of  an  alkali  metal  surface 
to  detect  the  q states  of  mercury. 


preelaelj 


tlon  energies  available  la  metastable  atoms.  It  is  necessarr 
to  be  able  to  separate  tbe  effects  of  excited  states  of 
differing  energies  wben  tbs  excited  species  ma;  exist  at 
two  or  more  metastable  levels.  McDermott  end  liobtea^^^^ 
have  described  tbe  use  of  atomic  beam  magnetic  resonance  to 
separate  tbe  metastable  states  of  merouz?,  and 

have  reported  separate  electron  impact  excitation  functions 
for  each  state.  More  recently,  Slcbards  and  Huschlitz^^^^ 
measured  tbe  ratio  of  2^S  to  2^S  states  by  deflection  of  tbe 
excited  beam  in  an  inbomogeneoua  magnetic  field.  Batios  are 
reported  for  various  energies  of  tbe  exoiting  electroa  bean. 
These  results  were  later  refined,  as  reported  by  Dugan, 
Hicbards,  and  Kusoblits.^^^^  There  is  a pressure  effect  on 
tbe  singlet  to  triplet  ratio  wbicb  arises  partly  from 
imprisonment  of  resonance  radiation  end  partly  from  selec- 
tive scattering  of  tbe  two  species. 

Uben  an  excited  species  interacts  with  a target 
atom  or  molecule,  several  types  of  reactions  nay  ensue. 
General  forms  of  these  reactions  are  given  below,  where  tbe 


and  tbe  targe 


molecule 


CII.I] 


A*  Xj—^A  ♦ X ♦ X t k.e.  CII.2] 

A-  ♦ Ig-^A  ♦ Xg’  * e * k.e.  [II. J] 

A-  * X2-»-A  » X*  ♦ X ♦ e ♦ k.e.  [II. "t] 

A*  ♦ X2-^AX2*  + e ♦ k.e.  [II. 5] 

A*  t Xg-^-AX*  ♦ X ♦ e t k.B.  [11.63 

All  of  the  above  prooessas  leading  to  loniiation  require 
very  little  conversion  of  internal  energy  to  kinetic  energy 
of  the  product  ooleculea  since  the  electron  oan  carry  off 
as  kinetic  energy  all  the  excitation  energy  of  A*  above 
that  neoeeeary  to  initiate  the  reaotion. 

Heaotions  of  types  [11.53  and  [II. 6]  are  termed 
cheai-lonltatlon  or  Bornbeck-Iiolnar  reactions  after  their 
initial  Investigators. Bornbeck  and  Holnar'a  work  has 
more  recently  been  extended  by  Field  and  Franklin, and 
Fuchs  end  Kaul.^^°^  It  Is  observed  that  obeal-ioniiation 
is  most  likely  when  the  energy  of  the  excited  species  A* 
is  near  that  required  to  initiate  the  reaotlon.^^^^ 

Kruithoff  and  Pennlng^^^^  made  use  of  reactions  of 
types  [11.33  and  [II. A3  in  explaining  Ionization  of  mixed 
rare  gases  in  cold-cathode  gaseous  discharges.  It  is  with 
reference  to  this  early  work  that  such  reactions  are  termed 
Penning  ionisation.  Jesse  and  Sadauskia^^^^  reported  on  the 


9 

role  of  Fennios  lonlzatioa  in  tile  radio  cheoistrj  of  gaaes. 
In  1962,  Ferguson, using  a simple  classioal  nomentum- 
transfer  collision  model,  shoved  that  for  a potential  of 
the  form  -a  exp  (-6)  the  cross  sections  for  Penning  ioaiia- 
tion  are  given  by 

3 1/3 

q . 2x(12a/ug‘^)  1^(6) 

where 

A. (6)  - 0.434,  the  collision  integral  calou- 
^ lated  b;  Eliason,  Stogryn  and 
Hlrachfalder^^^^ 


Smith  and  Huschllte^^°-'  have  investigated  the  elaeti 
ttering  of  metastable  helium  beams  in  other  rare  gases, 
more  recentlF,  Sholette  and  Huschllte^^^^  measured  cros 


and  obtained  separate  c 
triplet  states  of  Be'.  Oermah  and  Hern 
Kuschlits  and  Ueiss^^^  have  reported  a 
ionisation  of  hydrocarbons. 

In  1932,  Urey,  Briclcwedde  and  Mu 
spectroscopic  evidence  of  the  existence  of  a heavy  iso- 
tope of  hydrogen  in  a sample  of  normal  hydrogen  which  h 
been  reduced  to  a small  volume  by  distillation.  The 
appearance  of  this  isotope  led  to  several  theoretical 


xv(“^)  c 


10 


oalculstloas  el  tbs  relative  reaction  rates  of  h;drogsa  and 
heavy  hydrogen,  teroed  deuterium. 

Cremer  and  Polanyl^*''®^  predicted  that  hydrogen  and 
deuterium  should  react  at  different  rates  as  a result  of 
their  differing  zero-point  energies. Eyring  and 
Sherman^*^^  also  predicted  this  theoretical  difference  in 
reaction  rates.  Parkas  and  Wigner^^^^  and  Hirachfelder, 
Eyring  and  Topley^**®^  are  responsible  for  early  application 
of  "absolute  rate"  theory  to  the  two  isotopes  of  hydrogen, 
along  with  Uheeler,  Topley  and  Eyring.^^’^  Bigelelsen^*^^ 
has  applied  the  theory  to  rate  constants  involving  iso- 
topioally  substituted  molecules.  The  predicted  rats  for 
the  light  molecule  is  greater  than  that  for  the  heavy 
molecule  by  Che  square  root  of  the  inverse  ratio  of  the 
reduced  masses.  A brief  adaptation  for  the  ease  of  uni- 
molecular  decomposition  of  Xj’  follows. 

From  "absolute  rate"  theory  the  rate  of  a reaction 
in  which  Xg*  dissociates  to  give  2X  nay  be  written: 


where  X is  the  transmission  coefficient,  0"  is  the  concen- 
tration of  the  excited  molecule  and  m"  its  effective  mass 
along  the  coordinate  of  decomposition  and  8 Is  the  length 
of  the  top  of  the  potential  barrier  which  the  excited  mole- 
cule traverses.  For  Isotopes  of  Zg*  with  effective  massee 


XI 


n^*  Bad  1L2'  sod  with  dissoclatloo  rates  and  a ratio 
of  rate  Constanta  oaj  he  written  froo  [II.7]  ae  below, 
asBumine  g to  be  e^ual  for  the  isotopic  DOlecules. 


^ V/'VN 

Kg  02"  Ui7 


[II. 0: 


In  the  experinents  to  be  described  here  it  aust  be  asauned 
that  0^"  - Cj*  and  that  the  transmlasion  coefficients  Kj^ 
and  ^2  also  eilual.  Then  [11.01  eiaplifies  to 


ir  m t „ .1/2 

“1  “1  ■ “a  “2 

Hence,  k,  ma7  be  replaced  by  the  quotient  of  a mesa 
independent  rate  constant  k^,  and  oij_*  as 


[II.9] 


■/ir 


[II.IO] 


The  prediction  of  isotope  effects  for  Penning 
ionization  advaneed  b?  Platsman  and  Jesee^‘‘^’^^  is  con- 
sidered In  this  work.  The  first  observation  of  the  isotope 


CHAPISE  111 


DxSCBIPTIOH  OP  APPARATUS 

ooaaistB  of  a 12"  radius-of -curvature , 60'  sector,  nagnetlo 
defleotloa,  first  order  direotlon-foeuaing  oass  speotro- 
meter  with  a theoretical  resolutloo  of  1:1000.  The 
spectrometer  is  schematloallp  repreaeuted  la  Figure  1.  It 
is  eBseatlslly  the  same  instrument  as  used  hy  Uelss^^^^  in 
his  work. 

The  ion  source  which  occupies  regions  1 and  2 in 
Figure  1 is  illustrated  in  Figure  2.  The  region  B oonBlsts 
of  a conventional  thermionic  emission,  electron  hoohardment 
source  which  may  ha  used  to  produce  either  Ions  or  excited 
species,  according  to  the  experiment  being  conducted.  The 
electron  gun  employe  an  iridium  ribbon  filament  F oeta- 
phoretioally  coated  with  thorium  oxide  according  to 
Huschlits,  Randolph  and  Ratti.^^^^  The  product  beam  from 
the  source  passes  between  the  deflecting  and  focusing 
electrodes  (II),  through  the  focusing  eleetrode  Gg,  and 
into  the  collision  chamber  0 defined  by  elsctrodes  Gg  and 
and  insulated  from  Gg  by  a ceramic  ring  I.  The  ion 
source  has  been  modified  by  the  addition  of  a metal  ring  T 
12 


4 


Pis.  l.-Soheiaalio  dlagraB  of 


spectroQieter. 
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Fig.  S.'Schematlo  diagram 
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soldered  to  the  top  of  the  collision  chamber  and  having  the 
face  contacting  lapped  to  Inaure  olose  fit.  The  in- 
creased gas  leakage  path  permits  collision  chamber  pressuree 
greater  than  10”^  torr  without  flooding  other  portions  of 
the  spectrometer.  The  electron  gun  assemblj  has  been 
cleaned  and  realigned,  and  a new  filament  Installed.  The 
new  filament  Is  of  smaller  cross  section  and  Its  operating 
current  la  found  to  he  more  compatible  with  the  power 
capabilities  of  the  emisaion  regulator  circuit  used  for 
control.  These  modifications  result  in  an  increase  of 
approximatel7  one  hundred-fold  in  secoadai7  beam  intensitf 
over  that  reported  by  Weiss. 

By  proper  selection  of  potentials  applied  to  the 
repeller  electrode  B,  and  the  electrodes  8^  and  ions 
from  the  source  region  R may  be  either  focused  into  the 
collision  chamber  or,  they  may  be  deflected  away  allowing 
any  neutral  ground  state  or  excited  partiolea  to  proceed 
into  the  collision  chamber  unaffected.  Iona  produced  in 
the  eolliaion  chamber  may  be  extracted  into  the  analyzer 
by  application  of  an  appropriate  potential  between  Gg  and 
to  establish  a drawout  field  between  these  electrodes. 

The  beam  gas  is  laahed  into  the  source  at  L through  a 
Taotronio  "Tari-Tac"  lealc  valve.  The  scattering  gas  is 
introduced  into  C through  a similar  Vactronlc  valve. 

Separate  gas  handling  systeme  are  provided  to  enable  the 


introdustloa  of  different  sasas  Into  tba  aource  and  col- 
lision regiona  without  the  aecesaitj  of  using  gas  nixturee. 
The  mass  spectrooeter,  and  collision  chamber  and  ion  source 
components  are  fabricated  from  inconel  with  the  exceptions 
of  minor  parts  of  nickel,  tiugsten,  stainless  steel  and 
gold.  The  focusing  electrodes  are  cut  from  0.026  inch 
inoonel  sheet.  The  electrode  stack  is  supported  on  and 
held  in  alignment  by  four  precision  ground  glass  rods  of 
0.250  inch  diameter.  The  inditidual  electrodes  are  separated 
by  sleeve  spacers  out  from  glass  tubing  of  inside  diameter 
slightly  greater  than  the  support  rods.  Only  two  of  these 
rods  are  shown  in  ?igure  2. 

Ions  emanating  from  the  slit  in  the  face  of  the 
collision  chamber  are  gradually  accelerated  through  a 
potential  dtffarenee  of  five  kilovolts  obtained  from  a 
Northeast  Scientific  Company  high  voltage  power  supply, 
model  10010.  In  the  course  of  this  aooeleretion,  the  ion 
beam  is  focused  by  a series  of  electrostatic  lenses  con- 
tained in  region  3 C?iB-  !)•  ^leam  la  then  mass 

analyted  by  a homogeneous  magnetic  field  in  region  5.  The 
deflected  beam  traverees  the  field-free  flight  tube  to 
region  4 where  it  passes  through  an  adjustable  slit  and 
strikes  the  detector  which  may  be  chosen  to  be  a simple 
metal  plate  or  the  first  dynode  of  an  electron  multiplier 
according  to  the  dictates  of  the  ion  beam  intensity.  The 
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multiplier  is  a 16  atage  device  having  copper-beryllium 
dynodee.  It  was  manufactured  by  Huolide  Jinalyaia 
Associates  as  their  model  EH-1.  The  high  voltage  for  the 
multiplier  is  obtained  from  a Hortheast  Scientific  Company 
modal  5001  power  supply.  During  the  course  of  this  work 
the  gain  of  the  multiplier  was  observed  to  remain  constant 
at  slightly  less  than  10^  for  Ar*  ions.  The  field  current 
of  the  analyser  magnet  is  controlled  by  an  electronically 
regulated  and  swept  power  supply  constructed  in  these 
laboratories.  The  magnet  coils  are  of  high  impedance,  low 
current  design.  Tbs  magnetic  field  is  determined  within 
0,01  per  cent  by  a Harvey  Wells  K«R  Gsussmeter.  The  output 
current  of  either  the  simple  collector  or  the  eleotron 
multiplier  is  passed  through  a high  resistance  (10®  - 10^® 
ohms)  the  voltage  thus  developed  measured  by  a Cary 
Vibrating  Reed  electrometer  and  recorded  by  a 6 Inch  Varian 
Associates  chart  recorder. 

The  helium,  neon,  argon,  hydrogen,  deuterium  and 
nitrogen  were  obtained  from  cylinders  and  were  purified  hy 
passage  through  an  adsorption  trap  filled  with  degassed 
charcosl  at  low  tamperature.  These  gases  are  estimated  to 
have  less  than  one  part  in  10^  impurities  as  indicated  hy 
mass  analysis.  The  methane  used  was  Phillips  Company  re- 
agent grade  and  guaranteed  not  to  contain  more  than 
parts  impurity  per  10  . 


The  methane-dy 


18 

from  glaes  flasks  soaled  directly  Into  the  auxiliary 
vacuum  macifolds.  l?he  methane-d^,  a Kichem  Incorporated 
product,  was  observed  to  contain  approximately  one  part 
impurity  per  10^,  and  the  ED  supplied  by  Elcbem,  also, 
had  leas  than  five  parts  per  10^  contamination,  vhich 
consisted  primarily  of  and  D,. 


CHiPTEH  IV 


DESCRIPTION  OF  EZFERIHENTAL  HETEOS 

The  stud?  of  inelastic  processes  described  hers 
involves  the  gensrstloo  ol  a bean  of  rare  gas  atoms  which 

beam  is  allowed  to  traverse  a scattering  volume,  filled 
with  a target  gas,  inside  which  a small  portion  of  the 
incident  beam  is  inelsstlcall?  soattered.  The  ions  pro- 
duced by  these  reactive  collisions  are  extracted  from  the 
collision  chamber  by  the  application  of  an  appropriate 
electrostatic  field  within  the  chamber  and  are  then  sub- 
jected to  analysis  by  a mass  spectrometer. 

At  sufficiently  low  scattering  gas  pressures,  Beer's 
law  for  absorption  is  applicable.  That  is, 

dig/dl  . IpS|,p<r  CIT.13 

Ip  ■ primary  bean  intensity 
I ■ secondary  ion  Intensity 
B • 5.5A  X 10^®  - the  number  of  mole- 
ciilea  per  cm^  at  1 torr  pressure 
and  0 degrees  C 
1 . scattering  path  length 
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p - pressure  in  torr  corrected  to  0»C 
V - absorption  cross  section  for 
reaction  in  on^  . 

Hanipulation  of  CIV.l]  jislda  the  Bore  useful  expression 
ig/ip  - HqIps  Civ. 2] 

If  tbs  scattering  path  length,  1,  and  the  pressure  over  1, 
p,  are  toown  the  cross  section  naj  be  oaloulated  from  the 
measured  ratio  I,/I„. 

possible  to  measure  the  primary  beam  intensity  1^.  How- 
ever, the  primary  beam  intensity  can  be  maintained  constant, 
and  hence  ratios  of  cross  sections  for  different  scattering 
gases  may  be  obtained.  Prom  [IV. 23  this  ratio  nay  be 
expressed 

V"2  ■ IsiV^Sj^  Cl’- 3’ 

With  constant  Ip  and  1 a plot  of  versus  p gives  a straight 
line  with  slope  IpH^lv  . Hence,  the  ratio  of  two  absorption 
cross  sections  Is  given  by  tbe  ratio  of  the  two  slopes 

o-  dig  /dpj 

■ dIgVdpj 

Using  these  ratios  for  an  isotopic  seriss  such  as  H2,  HD, 

Dj,  it  Is  neoeesary  only  to  Icuow  the  true  cross  section  for 
one  member  of  tbe  series  to  determine  that  for  each  member. 


EIPERIKEHTia  FBOCEDDBS  AUC  RSSUIT3 


In  all  exparlDente  tbs  masa  apestromater  vaa  focused 
to  optiaus  response  for  tbe  ions  expected  to  be  observed, 
that  is,  when  H2  was  Che  target  gas,  the  foousing  was 
optlmited  for  Hj*;  when  Sj  wee  the  target  gas  the  Instruaent 
was  peaked  for  Hg*. 

In  order  to  deteraine  pressures  in  the  eolllsioa 
of  the  Hg,  Hg’  and  Dg,  Dg*  charge  transfer  cross  sections 

reported  by  Craaer  and  Marcus, 55)  charge  transfer 

cross  section  for  50  volt  Hg*  ions  in  Hg  was  taken  es 
8.2  and  for  50  volt  Dg*  ions  in  Dg  as  9.5  A^.  The 
cross  section  for  50  volt  HD*  ions  in  HD  was  taken  to  be 
the  mean  of  these  two,  or  8.9  A^. 

The  procedure,  as  used  by  Kardonsky,^^®^  for  the 
pressure  determinations  is  described  below  for  hydrogen, 
but  is  identical  for  the  isotopio  gaaea  similarly  intro- 


Hydrogen  was  leaked  into  both  the  source  and  col- 
lision chambers.  The  Hg*  ions  were  generated  la  the  souroe 
and  focused  into  the  collision  chamber  by  adjustment  of  tbe 
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potentials  on  the  deflection  electrodes  and 

(?is.  2).  The  ion  current  to  could  then  he  measured 
as  a function  of  pressure  in  the  reservoir  in  back  of  the 
leak  valve  through  which  hydrogen  was  admitted  to  the 
collision  ohaober.  ij  measuring  the  current  at  two 
potentials  between  and  Gg  it  was  possible  to  obtain 
values  for  both  the  primary  ion  current  and  the  charge 
transfer,  or  secondary,  ion  current. 

To  determine  these  currents,  G^,  Gg  and  were  set 
at  -90  volts  with  respect  to  r and  Jg  made  approximately 
70  volts  positive  with  respect  to  (by  use  of  an  external 
battery  oonnected  between  and  Jg).  The  enode  was  set  at 
minus  40  volts  with  respect  to  the  filament.  The  current 
to  J^  was  then  msaeured  with  J^  minus  and  plus  four  volts 
with  respect  to  Gg.  The  former  value  was  taken  as  the 
primary  ion  current  and  the  latter  as  the  primary  ion  cur- 
rent less  the  secondary  ion  current.  Hence,  the  difference 
of  the  two  values  is  the  secondary  ion  current.  A Bewlett- 
Fackard  DO  Micro  Volt-Ammeter,  Model  429AR,  wae  employed 

From  the  data  collected  as  described  above  pressures 
were  calculated  and  plotted  against  the  backing  pressure  in 
a 13  liter  reservoir  behind  the  leak  valves.  This  backing 
pressure  was  measured  with  a mercury  manometer.  The  re- 


Flgure  3.  The  slope  of 
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5.60  X 10"®  ana  thae  for  Dg,  *.18  x 10"®.  In  each  ease  the 
pressures  obserred  were  In  the  10*^  torr  range.  The  failure 
of  the  curves  to  extrapolate  through  zero  was  attributed  to 
diffusion  of  gas  from  the  ion  source  into  the  collision 
chamber  where  it  would  be  observed  as  a background  presaure. 

The  procedure  used  for  the  production  of  metastable 
atoms  Is  described  below.  The  rare  gas  to  be  excited  was 

was  focused  through  the  collision  chamber  as  outlined 
above  and  through  the  spectrometer  in  standard  fashion. 

Then  the  repeller  electrode  R was  set  at  the  filament 
potential  and  the  deflection  electrodes  and  Q^CH) 

were  adjusted  to  their  maximum  deflection  potential  of  *5 
volte.  The  electrode,  was  made  five  volts  negative 
with  respect  to  the  anode  (still  at  *0  volts).  This  nega- 
tive potential  on  G^  was  found  necessary  to  minimize  elec- 
tron leakage  into  the  collleion  chamber.  Vith  the  electrode 
potentials  set  in  this  manner,  the  complete  ellmioatian  of 
ions  entering  Che  collision  chamber  was  confirmed  by  the 
fact  that  no  ions  of  the  rare  gas  could  be  detected  in  the 
mass  spectrum.  The  metastable  atoms,  however,  are  un- 
affected by  the  electric  fields  and  diffuse  through  the 
electrode  slits  into  the  collision  chamber.  Under  these 
conditions  any  ions  observed  in  the  mass  spectrum  must  have 
been  produced  by  Penning  ionization  in  the  collision  chamber. 
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For  all  experioen'Cs  oq  tbs  relative  cross  sectioas 
for  FsQQlng  ioaizatloQ  of  isotopic  bfdrogeD  tbs 
drawout  potential  was  set  at  52  volts  as  foimd  bj 
Eardonsk7^56)  optinum  for  the  extraction  of  tbs 

various  isotopic  hydrogen  ions. 

In  the  He-,  Xj  CXj  ■ Hj,  HD,  Dg)  systems  only  the 
Xj''  ion  was  observed.  No  indication  was  found  of  the 
formation  of  X*,  Xj*,  HeX*,  etc.,  despite  Che  faot  that 
the  aetastable  helium  atoms  have  sufficient  energy  for 
dissociative  ionization. 

Plots  were  made  of  ion  current  against  helium  haoh- 
ing  pressure  for  (Figure  'i),  HD*  (Figure  5)  and  Dj* 
(Figure  6).  In  each  case  the  curve  was  found  to  be  linear 
and  to  extrapolate  through  zero.  The  linear  behavior  des- 

intensity  la  a linear  function  of  helium  backing  pressure, 

bellum  atoms  with  HD  or  molecules.  This  thesis  Is 
further  supported  by  the  fact  that  the  Penning  ions  appear 
at  an  aleotron  energy  of  about  twenty  volts,  thus  elimina- 
ting the  possibility  of  Ion-molecule  reactions  with  He* 
ions  whose  formation  requires  an  electron  energy  of  21^.58 
volts. 

In  order  to  determine  the  relative  Penning  ioniza- 
tion cross  sections  for  H^,  ED  and  Dg  the  positive  ion 
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current  was  plotted  against  collision  cbaisl>er  backing 
pressure  for  eacli  of  tbe  tbree  gases  (?ig\ires  7i8,9)<  Tbs 

slop©  for  H,*  versus  P„  was  found  to  be  2.60,  that  for  HD 
^ “2 

to  be  2.46  and  that  for  D^  to  be  2.24,  According  to 
equation  CII.4]  this  gives  ratios  of  absorption  cross 

sections  r-  equal  to  0.862  and  equal  to  0.946. 

“2  “2  ^ ^2 

Ihese  ratios  must  be  corrected  for  the  differences  In  the 
slopes  of  the  pressure  calibration  curves:  a factor  of 

5.60/4.18  for  Dj/Ej  and  5.60/4.48  for  HD/Hg-  l^so  a cor- 
rection  for  the  variation  of  the  eleotron  multiplier  gain 
with  different  ions  must  be  considered.  This  represents  a 
factor  for  4.5  * 10^/4. 6 x 10*^  for  Dg/Hg  and  of 
4.5  X I0V4.75  X lo“*  for  HD/Bg..  The  corrected  values  for 
the  ratios  of  the  absorption  cross  seetiona  ars 


1.13 


[V.l] 


^ . 1.12  CT.2: 

“2 

The  above  rstios  are  those  obtained  direotl;  from 
the  experimental  data  and  involve  absorption  cross  seotlons 
obtained  for  a target  gas  with  Kaxwelllan  velocity  distri- 
bution being  traversed  by  a beam  whose  partioles  have  a 
slightly  modified  Maxwellian  distribution.  The  observed 
absorption  cross  section  is  dependent  upon  the  relative 
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velocity  of  the  collldisg  species  and  is  not  a true  cross 
section.  The  true  cross  section,  is  defined  for  the 
case  of  an  incident  particle  of  known  velocity  striking  a 
target  particle  at  rest.  In  order  to  obtain  true  cross 
sectlODB,  Q.,  from  experimentally  determined  absorption 
cross  sections,  o*^,  it  is  necessary  to  apply  corrections 
to  the  o^.  These  corrections  serve  to  relate  the  experi- 
mental data  to  an  idealised  aysten  in  which  the  incident 
beam  is  of  homogeneous  velocity  and  the  particlea  of  the 
target  gas  are  at  rest. 

The  correction  described  by  Bosin  and  Eabl^^'^^  makes 
no  provision  for  various  scattering  potentials  but  presumes 
hard -sphere  interactions.  This  is  generally  a very  poor 
approximation  to  the  true  nature  of  a molecular  collision 
interaction.  In  thermal  energy  collisions  it  would  not  he 
likely  that  anything  approaching  a hard-sphere  interaction 
would  he  realised.  Rather,  a much  milder  interaction  would 
be  expected  with  a potential  of  the  form  -ar~^  with  s in 
range  of  6 to  12.  Berkllng  et_al.^^®^  have  calculated 
oorrectlcn  factors  with  provisions  for  different  potentisls 
and  have  tabulated  volnes  for  s-6  and  s-sb  . The  results, 
using  tbs  method  of  Berkllng  et  al . with  a«6,  are,  from 
CT.l]  and  [7.21 


CT.5] 


3<» 

-a  “a 

Both  the  pressure  calihratlon  and  Pennine  ionlzstlon 
Deasurements  were  repeated  for  hydrogen  and  deuterium.  The 
results  obtained  were,  within  experimental  error,  the  same 
as  those  reported  hers.  These  results  differ  from  the 
preliminary  measurements  obtained  by  Kardonsfcy.^^^^  The 
only  explanation  that  can  be  offered  is  that  a gaseous 
dlsoherga  can  occur  within  the  accelerating  structure  when 
high  pressures  are  used  In  the  source  or  collision  chamber. 
The  pressures  used  by  Kardonslcy  were  not  sufficiently  low 
to  eliminate  the  possibility  of  such  a discharge. 

Of  the  measurements  involved  in  the  determination  of 
these  ratios  those  of  pressure  measurement  in  the  collision 
chamber  and  Ion  current  for  the  Penning  process  are  believed 
to  establish  the  limits  of  reliability  of  the  data.  A 
figure  of  rsliability  oan  only  be  approximated.  The  ratios 
of  cross  aeotions  are  estimated  to  be  accurate  to  approxi- 
mately ^ 10  per  cent. 

It  was  noted  by  Eardonsky^^^  that  the  Penning  pro- 
duced ions  possessed  considerable  kinetic  energy, 

Further  investigations  of  this  kinetic  energy  and  its 
dependence  upon  the  nature  of  the  species  being  ionized 
were  conducted  in  e manner  described  below. 


yith  tbe  source  set  up  to  study  Penning  ionize 
ss  previously  described,  tbe  extraction  potential  applied 
between  nod  was  varied  ires  zero  through  a maximum 
of  about  50  volte.  This  extraction  voltage  was  measured 
with  a Sensitive  Research  Instruments  Corporation  Model  JW 
voltmeter.  The  areas  under  the  ion  current  peaks  were 
plotted  against  the  drawout  voltage  and  the  curves  for 
various  systems  are  shown  in  Figures  10,  11,  12,  15,  I't. 

recorder  chart  and  by  weighing  cutouts  of  the  peeks.  It 
was  found  that  a plot  using  peak  height  instead  of  area 
yielded  a severely  distorted  drawout  potential  curve.  This 
distortion  was  attributed  to  the  increase  in  energy  spread 
of  the  ions,  and  hence,  in  peak  width  as  the  drawout 
potential  was  made  larger. 

Further  investigation  of  the  isotope  effect  in 
Penning  ionization  was  conducted  with  the  systems  He"  in 
and  CD,j.  1 tabulation  of  the  mass  spectra  is  presentsd  in 
Table  2.  A comparison  of  the  He'  - CH,j  resulte  with 
previous  work  by  Jermik  and  Herman^^®^  and  Huschlitz  and 
Welss<'‘«  IS  given  in  Table  3. 
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DISCUSSION 


It  is  eppareat  from  the  results  descrlhed  In  the 
previoUE  chapter  that  ari7  proposed  meohanlsm  lor  the 
Penning  Ionization  process  must  explain  two  characteristics 
to  be  successful.  The  first  of  these  to  be  considered  la 
the  appearance  of  kinetic  energy  In  the  Panning  Ions;  the 
second  is  the  Isotope  effect  observed  in  Penning  ionization 
of  isotopic  hydrogen. 

Che  kinetic  energy  with  which  the  Penning  ion  is 
formed  oust  come  from  conversion  of  some  of  the  energy  of 
the  metastable  atom  in  excess  of  that  retiuired  to  produce 
the  ion.  This  convereion  implisa  the  formation  of  an 
intermediate  complex  which  may  then  dlssooiate  to  yield  a 
ground  state  rare  gas  atom  and  a target  molecule  in  an 
autoionizlng  state.  Ibis  process  is  illustrated  below. 

A*  + Xg  — ► CAXg)'  — ^ A ♦ Xj-  [VI. 1] 

Alternatively,  the  excited  complex  may  sutoionize  into  an 
excited  ion  which  further  dissociates  as  shown  in  [VI. 2]. 

(AXg)'  (AX2*)*  — - A ♦ X2*  tVI.2] 
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Eltber  [VI. IJ 


CVI.2] 


sxplaln  tbs  !z 


Penning  ion  wivb  kinetic  energ7  tbough  one  would  expect 
that  the  escaping  electron  in  [VI. 2]  would  carry  away  a 
large  portion  of  the  excess  energy  of  excitation.  However, 
assuming  the  concentration  of  the  initial  complex  (iXg)’ 
independent  of  the  isotopic  constitution  of  reaction 
[VI. 31  offers  no  e}q)lanatloa  of  the  isotope  effect  since 
the  loss  of  an  electron  from  the  complex  should  he  indepen- 
dent of  the  masses  of  the  nuclei. 

Now,  reaction  [VI. 11  will  he  examined.  If  competing 
paths  for  destruction  of  postulated  as  in  [VI. 3} 

the  isotope  effect  may  be  rationalised. 


^is  mechanism  was  first  postulated  by  Platzman^'*’^^  in  order 
to  explain  the  results  obtained  by  Jesse. These  results 

rare  gases  when  isotopic  substitutions  were  made  in  the 

pendent  of  the  isotope  since  the  probability  of  loss  of 
the  electron  should  not  depend  on  the  mass  of  the  nucleus. 

But  the  dissociative  reaction,  unlike  the  Ionisation, 
involves  relative  nuclear  motion  and  hence,  tbs  oorresponding 


rat«  coDstaat;  ^2  would  be  expected  to  depend  upon  tbe 
nuelesr  aassea.  From  tbe  results  of  absolute  reaction 
rate  tbeorj  given  in  Chapter  II,  it  may  be  shown  that 


<2  in  independent  of  mass  and  u 
Isotopic  molecule.  Theny,  tbe 
Bion  of  X2*t  nay  be  written  as 


CII.IO] 

is  the  reduced  mass 
probability  of 


If  the  ionization  orosa  section  is  tslcen  to  be 
proportional  to  the  probability  of  ionization  ^ for  a 
moleoule  of  reduced  mass  a ratio  of  Q’e  for  two  isotopes 
with  reduced  masses  and  Ug  may  be  written  as 


5^  ic^  * kgV(ug)^/^ 

■ k^TkPToI^ 


CVI.5J 


The  above  mechanism  is  adapted  from  that  proposed  by 
Flatzman.^**®^ 

From  tbe  ratios  determined  in  these  experiments  the 
ratio  >^1/^12'  evaluated.  Using  ratios  of  cross 

sections  corrected  aooordlng  to  Berkling  et  al.  with  s - 6 
the  ratio  obtained  for  is 


CVI.6] 


Ejr  ■ 

and  for 

- 0.55  CVI.73 

This  agreement  pan  he  ooneldered  vei?  good  In  view  of  the 
fast  that  the  oomputations  involve  relatively  small  dif- 
ferences in  large  nvutbere.  If  s >oo  is  used,  completely 
incohsistent  results  are  ohtsined.  It  should  he  noted 
that  above  considerations  presume  no  isotope  effect  in  the 
formation  of  the  intermediate  complex. 

The  transfer  of  energy  from  the  metastahle  atom  to 
the  target  molecule  through  the  postulated  complex  may  be 
described  in  terms  of  potential  energy  curves  as  shown  in 
Figure  15.  If  the  potential  energy  curves  of  A*  4-  B and 
A v B*  cross  as  in  Figure  15s  there  is  a probability  that 
A'  V B entering  along  its  curve  will,  if  the  A*-5  separa- 
tion drops  below  the  intersection  point  r , separate  along 
the  potential  energy  curve  for  A B*,  converting  a fraction 
of  the  excitation  energy  of  A*  into  kinetic  energy,  repre- 
sented by  the  separation  of  the  horizontal  portions  of  the 
two  curves,  and  transferring  the  remainder  into  exoitation 
of  B.  It  is  conceivable  that  the  A"  ♦ B curve  is  repul- 
sive, Figure  15b,  in  which  case  the  curves  would  not  be 
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lilcsly  to  cross  exospt  at  vary  snail  separations  which  are 
not  likely  to  be  realised  in  thermal  energy  collisions. 
This  night  explain  the  faot  that  no  Penning  ionization  was 
observed  in  the  system  Ne"  ♦ even  though  the  metastable 
neon  atom  has  sufficient  energy  to  ionise  hydrogen.  A 
discussion  of  these  potential  energy  curve  intersections 
may  be  found  in  Hersberg.^**^^^ 

All  species  investigated  in  these  experiments  have 
been  found  to  have  several  autoionizing  levels  within  a 
volt  of  their  ionization  threshold.  Dibeler,  Reese  and 
Rrauss^^^^  have  reported  such  levels  in  Hj,  HD,  Dj  and  Arj 
Huffman,  Tanaka  and  Larrabee^^’^^^  have  seen  them  in 
The  ion  will  appear  with  maximum  kinetic  energy  if  it  is 
formed  from  a molecule  in  the  lowest  autoionizing  state. 
Table  1 shows  the  excess  energy  available  from  the  rare 
gas  metastable  atom,  and  the  maximum  amount  of  kinetic 
energy  with  which  the  ion  may  appear,  assuming  that  the 
lowest  autoionizing  state  is  involved  and  that  the  energy 
of  this  state  is  negligibly  above  the  lowest  ionization 
potential.  This  maximum  kinetic  energy  is  calculated  from 


“a  “I. 
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E = ths  maximum  kinetic  energj  whlob  may 
appear  in  the  ion 

a.  • mass  of  the  metaatahle  atom 

mjg  ■ ^ 

. excitation  energy  of  netastable  atom 

E,  - ionisation  potential  of  Ig 
In  the  drawout  potential  eurves  (Pigs.  lO-ia)  it  is 
seen  that  ae  the  mass  of  the  ion  IncreaBes,  kinetic  energy 
decreases,  approaching  thermal  energy  for  At"'.  Ifhis  is 
evident  from  the  fact  that  smaller  drawout  potentials  are 
required  to  completely  extract  the  heavier  ions.  The 
standard  curve  for  essentially  thermal  energy  ions  is  that 
for  charge  transfer  of  Hg*  in  Hg.  This  process  has  been 
shown  to  produce  ions  with  very  little  kinetic  energy  by 
Simons  et  al.^^^^  and  Cramer  and  Simons. Charge 
transfer  curves  for  Eg*  In  Hg  obtained  here  (Pig.  10)  agree 
well  with  those  of  the  former  authors  whose  apparatus  had  a 
similar  geomet^  to  that  used  here. 

Further  investigation  of  isotope  effects  was  con- 
ducted in  the  systems  He’  and  He*  in  CH^  and  CD^.  Absolute 
cross  sections  could  not  be  considered  in  these  systems 
since  the  lack  of  appropriate  charge  transfer  cross 
sections  made  it  impossihle  to  determine  collision  chamber 
pressures.  A comparison  of  spectra  obtained  with  He*  in 


CH^  and  CD^ 


Table  3,  The  experiment 
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performed  using  different  energies  for  the  electrons 
exciting  the  helium  atoms.  These  results  are  listed  with 
the  ratio  of  singlet  to  triplet  metastable  atoms  found  by 
Dugan. The  singlet  to  triplet  ratio  increases  as  the 
energy  of  the  electrons  used  la  excitation  is  increased. 

It  may  thus  be  concluded  that  the  increase  in  relative 
abundance  of  ODg*  with  increase  in  electron  energy  is  an 
Isotope  effect  due  primarily  to  the  singlet  state  of  the 
metastable  helium. 

Table  5 compares  the  results  of  this  work  with  those 
of  SermiJc  and  Herman^^^^  and  Musohlitz  and  Ueisa^‘*°^for 
ionizing  collisions  of  metastable  neon  and  helium  in  CE^. 
Argon  was  also  used,  but  in  no  case  was  any  lonltation 
observed.  The  agreement  among  the  He’  data  is  good,  and 
that  with  He*  not  unacceptable  when  consideration  is  given 
to  the  low  intensitiee  of  product  ions  in  this  case.  The 
data  reported  here  is  considerably  more  precise  tban  that 
of  Huschlltz  and  Ueiss,  since  greater  ion  currents  were 
obtained  by  the  previously  described  m 


lodlficatlons 
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TABLE  1 

MAXIMUM  SUEESX  WITH  WHICH  PEHSI3S  lOKS  MAY  BE  POBMED 


Ketaetable 
Atom  and 
Energ? 

tlon  Energy  AE 

He*  (20.6  ev.) 

(15.4  ev.)  5.2  ev.  J.5  ev. 

(20.6  av.) 

HD  (15.4  ev.)  5.2  ev.  3,0  ev. 

(20.6  ev.) 

Dg  (15.4  ev.)  5.2  ev.  2.6  ev. 

(20.6  8V.) 

Hj  (15.6  ev.)  5,0  ev.  0.63  ev. 

(20.6  ev.) 

Ar  (15.8  ev.)  a. 8 ev.  0.4a  ev. 

He*  (16.7  ev.) 

Hg  (15.6  ev.)  1.1  ev.  0.46  ev. 

50 


TABLE  2 

COKPAHISON  OF  H«*  - CH,^  AND  He*  - CD^  MASS  SPECTRA 


a . 5 

n - 2 a - 1 

»a.2 

52.1 

5.7 

'^a 

AO.O 

55.7 

4.3 

40.7 

55.8 

5.5 

CDjj 

41.7 

55.6 

4.7 

37.3 

56.0 

6.2 

°°n 

59.7 

54.6 

5.3  0,4 
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TABLE  3 

COTPAHISOH  0?  He*  - CH,j  AHD  Be*  - CH^  MASS  SPECTRA 
VITH  PREVIOUS  WORK 


InvestlsAVor 

h;sS»’i 

Be*  He* 

Muscblitz 

„gj,ag(W) 

He*  He* 

Penton 
Muachlitz 
He*  He* 

‘‘J.S 

38.1 

52. » 

5S.5 

40.7 

CH,* 

52.6 

56.2 

45.0 

51.5 

53.8 

CHg* 

5.3 

5.7 

2.6 

10.2 

5.5 

OH'' 

0 

0 

0 

0 

0 

CHAPTER  7II 


SUHKARI 

A high-resolutlon  naas  spectrometer  was  used  to 
laveatlsate  Inelastic  collisions  of  metaatable  beliiui 
atoms  in  ED,  D^,  Ar,  Ne  and  Eg,  The  metastahle  atone 

collimated  into  a beam.  The  bean  was  allowed  to  traverse 
a gas-filled  oolllslon  chamber.  Ions  formed  in  the 
collision  chamber  were  extracted  and  analysed  in  the  naas 
spectrometer.  Pressures  in  the  collision  chamber  were 
determined  from  measurements  of  the  appropriate  symmetric 
charge  transfer  for  Hj,  HD  and  Dgi  and  from  the  Jcnown  cross 

An  isotope  effect  is  noted  in  the  ionisation  of  E2, 

HD  and  Dj  with  the  D^*  cross  section  1,26  times  that  of 
Hj*  and  the  HD'*  cross  section  1.18  times  that  for  Hj.  The 
ions  are  observed  to  have  appreciable  kinetic  energy.  A 
mechanism  is  proposed  to  explain  the  isotope  effect  and 
the  appearance  of  kinetic  energy  In  the  product  ions. 

Further  investigations  were  conducted  with  metastsble 
helium  in  methane  and  methane-d,^. 
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